Abstract. A resonance theory of electron-impact vibrationd excitation of diatomic molecules is extended to the case where the final vibrational level of the molecule lies in the " h u m . 7he extended theory is applied to resonant dissoeiation of molecular hydrogen by low-energy electron impact. Theoretical moss sections for dissociation of ground-state H2 via the X '4 and B 2 C i resonance a~e presented and compared with thearetiad cmss sections obtained by other authors using non-resonant methods. An imponant aim of the present work is M study the effect of initial vibrational excitation on the dissociation cross section. It is found that fhe B ' E : resonance convibvles significantly M the total dissociation emss section for dI values of U,, for incidenl energies between 12 eV and 18 eV, while the effect of the X 22: m n m c e becomes appreciable only for larger values of vi.
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Dissociation of molecular hydrogen by electron impact is currently of interest in modelling electron transport in hydrogen plasmas (Cacciatore et a1 1989) . Modelling of negative hydrogen ion discharges requires accurate knowledge of neutral hydrogen vibrational level populations, and dissociation by electron impact contributes to their depletion (Hiskes 1992) . At normal laboratory temperatures, molecular hydrogen is mostly in the ui = 0 level, and its dissociation by lowenergy electron impact occurs mainly through excitation of the repulsive b 3Z: electronic state of neutral H2, which dissociates into two neutral H atoms. This process is generally considered to be a direct scattering process, and can be pictured schematically as e-+ H*(X 'Zp', vi = 0) -+ e-+ Hz(b ' E : ) -r e-+ H(ls) + H(ls). (1)
The threshold energy for this process is approximately 8 eV (Hiskes 1992) and the cross section is of the order of IO-" cm2 (Hall and Andric 1984, Rescigno and Schneider 1988) . Significant cross sections for dissociation at lower impact energies are not observed experimentally under normal laboratory conditions. This process, and dissociation at higher impact energies via excitation of higher-lying electronic states of H2. have been studied both theoretically (Fliflet and McKoy 1980. Rescigno and Schneider 1988) and experimentally (Hall and Andric 1984, Nishimura and Danjo 1986) in recent years. However, the possibility of a significant contribution to the dissociation cross section due to resonant scattering, i.e. of enhancement of dissociation caused by trapping of the electron in a temporary anion state, hasnot been considered, to our knowledge, in any previous calculation. This is especially surprising considering the fact that early observations of dissociation via the b state 
e-+Hz(X'E;, vi)+ H;(XZE:)-te-+H~(X'E:8+) +e-+H(ls)+H(ls).
(4)
We have examined the contributions of the above channels to the total cross section for the dissociation of ground-state neutral Hz by electron impact for incident electron energies below 18 eV. Special attention was given to the effect of initial vibrational excitation of the target cn the cross sections for dissociation. This effect has been studied by other investigators, although chiefly at higher energies, and in a non-resonant Context (Redmon er nl 1985, Schneider 1988, Celibetto and Rescigno 1993) . In this paper we first outline briefly the theoretical description of the scattering process used in the present work, which has been given in detail by several authors (Fano 1961 , O'Malley 1966 , Bardsley 1968 The present treatment is based on the traditional resonant scattering theory. In this treatment, the motion of the nuclei in the X 2E: and B ' C l resonant anion states is described by wavefunctions and ea, respectively, which depend only on the relative nuclear position vector R. Each of these nuclear wavefunctions satisfies an integrodifferential equation with a complex, non-local kemel. Within the local approximation, the radial parts of these wavefunctions satisfy, in atomic units, the following ordinary differential equations:
Here M is the reduced nuclear mass, ut is the initial vibrational level, ki is the wavevector of the incident electron, and xu, ( R ) is the radial nuclear wavefunction of the non-rotating target molecule. V;(R) and V; (R) are the potential energies of nuclear motion in the X 'Et and B ' E : resonant states, r ( R ) is the decay width of the X zEt resonance, and r,(R) and r,(R) are the partial widths for decay of the B zEz resonance to the X 'El and b ' E : electronic states, respectively, of neutral Hz plus a free electron. The interaction matrix elements V(k, R ) and V&, R ) are related to the widths r(R) and r,(R) as
where k ( R ) and k,(R) are the wavenumbers of electrons emitted in a Franck-Condon transition at internuclear separation R from the X 2E: and B 'Ep' resonances,respectively, to the ground state of neutral Hz. In writing the angular dependence on k as a single spherical harmonic, we are retaining only the leading term in a partial wave expansion of the momentum-normalized wavefunction of the scattered electron.
If we consider a general system consisting of a diatomic molecule and incident electron at an energy such that only a single resonant state is accessible, with a corresponding radial nuclear wavefunction t ( R ) , then the total cross section for vibrational excitation via this resonance can be expressed (Dub6 and Herzenberg 1979, Wadehra 1986 ) as where ki and kf are the wavenumbers of the incident and scattered electrons, respectively, and the T-matrix element T",+,,(k,) is given by where x , ( R ) is the nuclear wavefunction of the molecule after scattering. The latter wavefunction corresponds to an energy in the discrete part of the rovibrational spectrum,
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letter to the Editor and it is normalized to unity in the above formula. However.'if instead we substitute an energy-normalized nuclear wavefunction x i ( R ) in the continuous energy spectrum, where
Ef is the energy of relative motion of the Associating nuclei, then equation (9) gives the cross section spectral densify du,,,q (ki)/dEf for dissociation via resonance formation. The total resonant dissociation cross section is then obtained by integrating the spectral densiIy over all accessible energies E,. This simple observation is the basis for the calculations whose results are presented in this letter. For the problem of interest hen, we must compute the T-matrix elements m Tq-E,,u(kf) = -4 z 2 1 dR ~&,u(R)Vl(kfv R)tz(R)
m dR x&,g(R)V*(lel, R)tu(W
,Lm
Tu,-&j(kf) = -4z
corresponding to each of the decay channels (2H4), where and the cross section spectral density is given by
In the present work, the bound and continuum vibrational wavefunctions in the above formulae were obtained using the accurate potential energy curves of Kolos and Wolniewicz (196.5) for the X ' and b 3Z: electronic states of neutral H2. which were joined to suitable asymptotic forms at large and small internuclear separations. For the solution of equations (5) and (6) we chose the potential energy curves V;(R) and V;(R) to be consistent with ab initio calculations (Bardsley et al 1966. Bardsley and Cohen 1978) ; while the necessary decay widths were taken to be of the following forms, in accord with Wigner's threshold law:
r(R) = Ck3(R)
T,(R) = C&(R) T,(R) = C,k,(R)
with C = 2.966, C. = 56.0, and C, = 0.005. all in atomic units (Bardsley and Wadehra 1979) . The actual solution of equations (5) and (6) peak cross sections for the U; = 0 and the vi = 12 levels differ by nearly seven orders of magnitude. The similar well known enhancement of dissociative electron attachment to Hz with increasing vi is attributed (Compton and Bardsley 1984) to the increase in the classical electron capture radius as one goes to higher initial vibrational levels. For very short-lived resonances, this greatly increases the probability that the anion will survive long enough for the nuclei to separate to the stabilization radius. It is possible that the shong enhancement of the dissociation cross sections has a similar physical explanation. We also note in passing that the contributions of channel (4) to the dissociation cross sections for the higher levels show relatively rapid onset at threshold, while those for the lower levels rise somewhat more gradually. Figure 3 shows the contributions of channel (2) to the cross sections for dissociation of Hz in various initial vibrational levels, together with the theoretical cross sections of Rescigno and Schneider (1988) for excitation of the b 'C: electronic state of Hz. The fact that the effect of initial vibrational excitation is much less dramatic here is consistent with our earlier reasoning, given the longer lifetime of the B ' X i resonance. Our cross sections in the 12-18 eV range, while not negligible, are considerably smaller than those of Rescigno and Schneider (1988) . This is consistent with the conclusion of H a l l and Andric (1984), based on the angular dependence of their experimental b 3C: excitation cross sections above IO eV, that the direct excitation channel (1) dominates any resonant contribution that might be present. However, the maximum contributions of channel (2) for the highest levels are larger than the peak cross sections obtained by Hiskes (1992) via extrapoiation, to low incident energies, of Rescigno and Schneider's (1988) cross sections for excitation of the b state of H2. This suggests that the channel (2) resonant contribution becomes an imponant (perhaps even dominant) component of the total b ' E : excitation cross section at high target temperatures, a possibility not addressed by Hall and Andric (1984) .
Also noteworthy is the oscillatory structure in the cross sections for the lower vibrational levels, in which the number of maxima is equal to vi+ 1. Similar structure has been observed in theoretical cross sections for dissociative attachment via the B 'Xp' resonance. As has been suggested (Wadehra 1979) in the case of dissociative attachment, the present structure may be related to Condon ( 
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interference between channels (2) and (4). which results from the fact that the wavefunction of the scattered electron in both channels has odd parity. For vi = 0, the contribution of channel (2) dominates overwhelmingly; in fact, the contributions of the other channels cannot even be discemed at the scale of the graph. As expected, channei (4) becomes increasingly important as one goes to higher values of v i , and significantly raises both the maximum value and the high-energy tail of the vi = 12 cross section. The interference term is negligible except for the highest vibrational levels, while the contribution of channel (3) is always negligibly small. To summarize, we have computed theoretical cross sections for dissociation of H2 in various initial vibrational levels via the X 'E$ and B ' E : resonances of H ; , treating dissociation as vibrational excitation into the continuum. Our cross sections, taken together with those of Rescigno and Schneider (1988) . support the conclusions of earlier investigators that the resonant contributions to dissociation, for incident energies in the 10-18 eV range, are much smaller than those of direct excitation of the b 3Z: electronic state of Hz. The present cross sections are also consistent with the fact that dissociation of H 2 at lower incident energies is not experimentally observed to occur at ordiiary temperatures. However, our results suggest that production of neutral H atoms by impact of low (1-2 eV) energy electrons should occur at sufficiently high target temperatures by formation of the B 'E: resonance, and to a lesser but still significant extent that of the X Support of this work by AFOSR (Grant Number F49620-92-J-0027) is gratefully acknowledged.
resonance as well.
